Introduction to Rabies Virus {#Sec1}
============================

Rabies is derived from the Latin *rabere*, "to rage or to rave," as is the corresponding adjective "rabid"; *rabere* possibly may have earlier origins in Sanskrit *rhabas* for "violence." Since antiquity, rabies has been one of the most feared diseases. Human rabies remains an important public health problem in many developing countries (Wilkinson [@CR99]; Woldehiwet [@CR100]).

The World Health Organization (WHO) reports that more than 60,000 people die of this disease every year (WHO [@CR101]). Most of these cases occur in the developing countries. In most countries of Latin America, the major reservoirs are the dog and, lately, the hematophagous bat (*Desmodus rotundus*), which is present in tropical and subtropical areas from Northern Mexico to Northern Argentina and Chile and transmits the disease mainly to cattle (Loza-Rubio et al. [@CR61]; Delpietro et al. [@CR17]). Vampire bat attacks on cattle are a major concern for cattle-raising areas. Blood loss and paralytic rabies due to bat bites can impose severe losses on the livestock industry (Arellano-Sota [@CR3]).

Any tome which focuses upon some of the major rabies issues spanning the geographical extent from the US/Mexico border to Tierra del Fuego is long overdue, not least because Latin America is rich with historical, cultural, ecological, and viral diversity. One can only speculate about the primordial state of this disease, before canine rabies was imported during the sixteenth century with European colonization.

Clearly, the region has the greatest known diversity of rabies virus variants associated with the *Chiroptera* (the evolutionary well spring of the genus *Lyssavirus*), with representatives of major hosts among at least three bat families. Additionally, since the beginning of the twentieth century, a complex epizootiological relationship was identified between rabies viruses and hematophagous bats, leading to bovine paralytic rabies---unique in the entire globe. Similarly, only in the New World are non-human primates (e.g., marmosets in Brazil) believed to serve primary rabies virus reservoirs.

The *Lyssavirus* genus encompasses 15 viruses: rabies virus (RABV), Lagos bat virus (LBV), Mokola virus (MOKV), Duvenhage virus (DUVV), European bat lyssavirus 1 and 2 (EBLV 1 and 2), Australian bat lyssavirus, Aravan virus, Khujand virus, Irkut virus, West Caucasian virus (WCV), and Shimoni bat virus (SHIBV) (Loza-Rubio et al. [@CR63], [@CR64]; Kuzmin et al. [@CR46]; Dietzgen et al. [@CR20]). Another, two new *Lyssavirus* have been identified. One has been isolated from an insectivorous bat (*Myotis nattereri*) in Germany identified as Bokeloh (Freuling et al. [@CR27]), and the other has been isolated from an African civet identified as Ikoma (IKOV) (Marston et al. [@CR66]).

A new tentative *Lyssavirus*, Lleida bat lyssavirus, was found in a bent-winged bat (*Miniopterus schreibersii*) in Spain. It does not belong to phylogroup I or II, and it seems to be more closely related to the WCV bat virus and especially to the Ikoma lyssavirus (Aréchiga Ceballos et al. [@CR2]). Classification of the genus is presented in Table [9.1](#Tab1){ref-type="table"}.Table 9.1Classification, geographical distribution, and species affected by *Lyssavirus* genusVirusSIGLASMaintenance hostsGeographical distributionRabies virus (RV)VRABCarnivora and multiple species of insectivorous and hematophagous batsWorldwide (except some islands)Lagos bat virus (LBV)LBVBatsAfricaMokola virus (MOKV)MOKVHumans, cats, dogs, rodents, shrewAfricaDuvenhage virusDUVVDUVVInsectivorous batAfricaEuropean bat lyssavirus 1EBLV-1EBLV-1Insectivorous bat (*Eptesicus pipistrellus*)EuropeEuropean bat lyssavirus 2 EBLV-2EBLV-2Insectivorous bat (*Myotis* spp.)EuropeAustralian bat lyssavirus (ABLV)ABLVInsectivorous and frugivorous bats (suborder: *Megachiroptera/Microchiroptera*)AustraliaAravan virus (ARAV)ARAVInsectivorous bat (*Myotis blythii*)Asia centralKhujand virus(KHUV)KHUVInsectivorous bat (*Myotis mystacinus*)Asia centralIrkut virus(IRKV)IRKVInsectivorous bat (*Murina leucogaster*)Este de SiberiaWest Caucasian bat virus (WCBV)WCBVInsectivorous bat (*Miniopterus schreibersii*)Región del Cáucaso, Asia centralShimoniBBLVUnconfirmed---single isolate from *Hipposideros commersoni* (Commerson's leaf-nosed bat)AfricaBokelohInsectivorous bat (*Myotis nattereri*)EuropeIkomaCivetAfricaLleidaBent-winged bat*Miniopterus schreibersii*Spain*Source*: Based on Food and Agriculture Organization of the United Nations ([@CR26]). Investigating the role of bats in emerging zoonoses: Balancing ecology, conservation and public health interests. Edited by Newman SH, Field HE, de Jong CE, and Epstein JH. FAO

Although several types of *Lyssavirus* are recognized worldwide, currently in the Americas only genotype 1 has been identified, even though there are several groups carrying out epidemiological surveillance in order to verify this situation or if at one point in time any other has been identified (Loza-Rubio et al. [@CR63], [@CR64]).

Rabies virus is the prototype species of the genus *Lyssavirus* in the family *Rhabdoviridae*. This RNA virus contains five genes which codified for the same number of proteins. The five structural proteins of the virion include a nucleocapsid (N), phosphoprotein (P, N, or NS), matrix protein (M), RNA polymerase (L), and a glycoprotein (G) (Fig. [9.1](#Fig1){ref-type="fig"}) (Schnell et al., [@CR85]).Fig. 9.1Structure of rabies virus. The five structural proteins of the virion include a nucleocapsid (N), phosphoprotein (P, N or NS), matrix protein (M), RNA polymerase (L), and glycoprotein (G) (Schnell et al. [@CR85]). Source: <http://viralzone.expasy.org/viralzone/all_by_species/22.html>

Introduction to Glycoprotein (G) {#Sec2}
================================

Structure of G Protein {#Sec3}
----------------------

Rabies virus G protein is a transmembrane protein with 505 amino acids that weighs 65--67 kDa (kda) (Ross et al. [@CR80]) and forms spicules that project outward from the infected cell forming trimers. This protein is used by the virus to join with the host cells and initiates the relationship between them when the cell receptors link. Amino acids 1 through 439 are responsible for the attachment of the virus to the cell receptors causing a fusion of the viral and cell membranes (Gaudin et al. [@CR30]; Gaudin et al. [@CR31]). The three protein-type membrane receptors for the rabies virus that have been identified are (1) the nicotinic receptor for acetylcholine, (2) the low-affinity neurotrophin receptor, and (3) the neural cell adhesion molecule (NCAM). These receptors are implicated in the adsorption of the rabies virus and the promotion of infection directly into the nerve ends and/or gangliosides located in neurons or at the point of axoplasmic transport of muscles. The virus moves along the dorsal ganglions and spinal cord; the brain is quickly infected causing apoptosis of the nerve cells and T cells (Lafon [@CR48]). A total of five antigenic sites have been identified in the soluble region of the protein: I, II, III, IV, and "a," which are located in residues 231, 330--338, 264, and 342--343, respectively. The antigenic site II, located in position 34--42 and 198--200, had only been recognized under denaturing conditions (Benmansour et al. [@CR8]). Furthermore, the presence of a residue of the Glu amino acid in position 333 has been related with the invasion of neurons and pathogenicity (Wunner [@CR102]); the lack of this amino acid causes nonrecognition of the virus and the strains become nonpathogenic.

It has been proposed that amino acid changes within the antigenic sites of the G protein could be the source of variants that are capable of escaping the host's defenses and providing adaptation to new environments (Kobayashi et al. [@CR45]; Khawplod et al. [@CR41]).

Immunogenic Activity of G Protein {#Sec4}
---------------------------------

The G protein is a target of T lymphocytes and induces the formation of neutralizing antibodies against the virus (Loza-Rubio et al. [@CR60]; Morales et al. [@CR70]). This is the reason why this protein has been used for making vaccines, since it is the most exposed antigen of the virus.

The immune response that is triggered by the rabies virus is peculiar due to the immuno-privileged condition of the nervous system. This is based mainly on the restriction of T-cell migration and the deficiency in professional antigen-presenting cells (Lafon [@CR47]). Protection against the rabies virus is mediated by the production of virus-neutralizing antibodies and/or T lymphocytes (helper CD4+ and cytotoxic CD8+). Although it is possible that the protection against an infection by the rabies virus is the result of various effector-host interactions, virus-neutralizing antibodies (VNA), which are mostly produced against the G protein, play an important role in the immunological protection against a rabies infection (Dietzschold et al. [@CR22]; Desmeziéres et al. [@CR19]). Furthermore, the G protein, besides inducing the formation of virus-neutralizing antibodies, also promotes the production of helper and cytotoxic T cells. It has been shown in intracerebral challenges that its structure is critical for both actions, the induction of neutralizing antibodies and protection (Drings et al. [@CR24]; Hooper et al. [@CR36]). The function of these T cells during rabies infection is to help in the induction of B cells and the production of antibodies, as well as to act as cell effectors in cytotoxic cell immunity response (Jackson [@CR38]). After capture by macrophages and other antigen-presenting cells, antigens of the rabies virus are presented to CD4 or CD8 cells. This stimulation induces the production of cytokines such as IL-2, IL-4, and IFN-γ (Drings et al. [@CR24]).

Regarding the immune response developed after vaccination, it involves the activation of specific differentiated B cells within plasma that produce antibodies and memory B cells. Produced antibodies are specific against the G protein (antibodies against other proteins are also generated with live or inactive virus vaccines) and are directed specifically against the antigenic components of the G protein and neutralize the virus (Lafon et al. [@CR49]). Production of these virus-neutralizing antibodies involves a refined process of specificity adjustment which results in the selection of antigen avid cells. This specificity adjustment and antibody production depend on the correct folding of the protein; otherwise, the antigenic sites do not become exposed (Desmeziéres et al. [@CR19]).

### Heterologous G Protein Expression for Use in Immunizations {#Sec5}

Because G protein induces antibodies against the rabies virus, this protein can be used as an immunogen when expressed in vectors such as Vaccinia, Canarypox, adenovirus, and yeast and in DNA vaccines, as well as in transgenic plants (Cadoz et al. [@CR13]; Kieny et al. [@CR42]; Xiang et al. [@CR103]; Henderson et al. [@CR35]; Sakamoto et al. [@CR83]; Tacket [@CR89]; Ventini et al. [@CR95]).

The need for a safer and more effective vaccine has promoted the development of oral vaccines. In the case of wild rabies, specifically in foxes, the first massive oral vaccination was carried out in 1978 within the Rhône Valley in Switzerland and later it was extended to various other territories. This distribution was carried out manually using vaccine-laden bait (12--25 bait/km^2^) within endemic zones (Wandeler [@CR97], Bugnon et al. [@CR12]). The first recombinant vaccine was the VR-G developed in 1984 in which the sequence of the G gene was inserted into a plasmid together with the Vaccinia promoter and flanked by the viral thymidine kinase gene. This plasmid was used to transfect cells that had been previously infected with a wild Vaccinia strain, and using homologous recombination, it was possible to obtain the recombinant plasmid (Kieny et al. [@CR42]; Paolazzi et al. [@CR74]. Oral immunization of foxes has allowed the large-scale elimination of the virus in areas of Europe where the baits have been placed. Oral vaccination with the vaccines Raboral V-RG (Vaccinia recombinant virus expressing G protein) (Kieny et al. [@CR42]) and with Rabigen SAG2 (double mutant avirulent strain SAG2) (Artois et al. [@CR4]) was effective for wild rabies in Europe which has helped to almost eradicate wild rabies in the western part of the continent (Desmettre et al. [@CR18]) and has been successful for rabies control in Canada, the United States, and other countries (Lontai [@CR57]; Mainguy et al. [@CR65]). Nevertheless, until now, there is no effective oral vaccination for reservoir species. Notably, in the United States, there are no licensed vaccines for skunks.

Adenoviruses have been used as vectors for the expression of the G protein, promoting neutralizing antibodies and providing protection against intracerebral challenges in lactating mice that came from vaccinated mothers but that had no tolerance. It has been reported that this construct has higher efficacy when compared to conventional and VR-G vaccines (Xiang et al. [@CR103]; Wang et al. [@CR98]; Tims et al. [@CR91]; Hu et al. [@CR37]). In fact, its efficacy has been studied in dogs; in this species the efficacy can be compromised if there are antibodies against the same adenovirus, but only if the inoculation is intramuscular (Yuan et al. [@CR104]). This prototype showed in cats the same efficacy to a challenge carried out at 12 months. Furthermore, a vaccine prototype using a type 2 adenovirus that expressed the rabies virus glycoprotein has been recently evaluated in sheep in which the said construct showed promising results when inoculated through either intramuscular or intradermal pathways (Bouet-Cararo et al. [@CR10]).

Poxviruses have also been used as vectors for the expression of several antigens that induce both the cellular and the humoral responses. Avian poxvirus (Canarypox) has been preferred, since it does not infect humans, for the expression of the rabies G protein. It is known as the ALVAC-RG and has been shown to generate antibodies and promote protection immunity in cats and dogs. This vaccine is well tolerated in humans producing results that are at least similar to those of the diploid cell vaccine (Fries et al. [@CR28]).

Some attenuated strains of Aujeszky's disease virus have been used as vector for the G gene of the rabies virus. This prototype has shown its efficacy in dogs when administered through various pathways, including intramuscular, but most importantly the oral pathway (Yuan et al. [@CR104]).

Furthermore, the baculovirus, which infects insects, has also been used since it allows a high expression of proteins. Tordo and colleagues reported in 1993 the cloning of the Mokola 3 genotype which was used as a vaccine (Tordo et al. [@CR92]). This construct protected mice against a lethal challenge. In addition, the efficacy of a baculovirus that contained the G and N genes of the rabies virus was evaluated and its effectiveness was demonstrated. In another study the ectodomain of the rabies G gene was cloned into this system and compared with a DNA vaccine. The recombinant baculovirus induced antibody titers that were higher than the other vaccine.

The first demonstration that a plasmid could carry a protection antigen (G gene) of the rabies virus was published in 1994 (Xiang et al. [@CR103]). This group showed that this immunogen was capable of promoting a protecting immune response when challenged in primates that were immunized with this vaccine and were capable of surviving a rabies virus challenge, while in others the DNA vaccine caused long-term protection levels through the production of neutralizing antibodies after a single immunization (Lodmell and Ewalt [@CR55]). This group has also reported that 10 mg of G protein-codifying plasmid inoculated via intramuscular injection protects 100 % of mice, while the intradermal injection of 0.1 mg protects up to 83 %.

It also has been shown that DNA vaccines work in species such as dogs, cats, and horses (Osorio et al. [@CR73]; Perrin et al. [@CR76]; Fischer et al. [@CR25]). Also, using normal syringes, various inoculation pathways have been evaluated such as intramuscular and intradermal (Perrin et al. [@CR76]; Lodmell et al. [@CR56]; Osinubi et al. [@CR72]).

Description of the Systems Used to Produce the Protein {#Sec6}
======================================================

Theoretical Advantages of the Plant Process over Other Technologies {#Sec7}
-------------------------------------------------------------------

Literature indicates several potential advantages that are related to plant-derived vaccines, for example, heat-stable formulation for storage and transport (avoiding cold chain) which is important in tropical and subtropical areas and ease of delivery for better compliance leading to a reduced demand for skilled health-care professionals in developing and developed countries.

The use of recombinant gene technologies by the vaccine industry has revolutionized the way antigens are generated and has provided safer, more effective means of protecting host organisms against bacterial, viral, and parasitic pathogens (Lamphear et al. [@CR50]; Loza-Rubio and Gomez-Lim, et al [@CR58]) (Table [9.2](#Tab2){ref-type="table"}).Table 9.2Advantages and disadvantages of the various types of vaccines including recently developed onesVaccine typeAdvantagesDisadvantagesCost of productionLive, attenuated− Strong immune response− Parenteral administration (syringes)− Prolonged immunity with one or two doses− Can give rise to the virulent form of the pathogen− Must be refrigerated in order to maintain their potency− Possible spread of the pathogen into the environment300--10,000 USDInactivated or dead− Safer and more stable than live ones− Immune response compare to live ones− Immune response weaker than live vaccines− Require regular boosters− Parenteral administration (syringes)300--10,000 USDViral vectors− Simulate a natural infection, strong immune response− Can generate a response against more than one pathogen− Sophisticated infrastructure− Can be administrated via mucosa− Their development requires much time due to the genetic construction of the vector− It has not been fully established if the DNA is not integrated into the host's genome− Complicated purification processes\*Not reportedRecombinant DNA− Can be administrated via mucosa− Produce strong cell and antibody response− Relatively easy to produce− Do not necessarily need a cold chain for preservation− Can contain impurities that could be toxic to the host− Use of gene gun− Require boosters since they do not contain the antigen as such− It has not been fully established if the DNA is not integrated into the host's genome− Require purification\>100 USDSubunits:BacteriaBaculovirusYeasts− These are target specific− Safe to produce and handle− Low probability of adverse reactions− Their development can take a long time− Low immunogenic properties− Require adjuvants− Parenteral administration (syringes)\>100 USD*Source*: Boehm ([@CR107]), Bower et al. ([@CR108]), Peeters et al. ([@CR109]), Tillman et al. ([@CR110]), Streatfield et al. ([@CR111])

In the case of viruses, no alternative to vaccines exists for animals since there are no antiviral drugs suitable for widespread application in the field. This underlines the need for controlling viral diseases of animals by vaccination. Advances in genetic engineering have made it possible to insert heterologous genes into several plant species, such as cereals and legumes. Plants are increasingly recognized as legitimate systems for the production of recombinant proteins and antigens. A wide range of proteins have been expressed and used for diagnostic purposes, industrial and pharmaceutical production of enzymes, food additives, therapeutic proteins, antibodies, and vaccine antigens (Streatfield [@CR88]). However, despite nearly 20 years of development, there are only two plant-produced vaccine-related products that have gone all the way through all production and regulatory hurdles (Rybicki [@CR82]).

Immunogenicity of Rabies Virus Antigen Expressed in Plants {#Sec8}
----------------------------------------------------------

The G protein, which is the main antigen of the rabies virus, has also been expressed in tomato, tobacco, and spinach plants. The first experience with the expression of the G protein of the rabies virus was in tomatoes (McGarvey et al. [@CR112]). The full G gene of the virus was cloned into the BIN19 vector downstream of the 35S CaMV promoter. Later, tomato cells were transformed by infection with *Agrobacterium tumefaciens*. The expressed glycoprotein was purified by immunoprecipitation from leaves and fruits, and two bands, one of 60 kDa and another of 62 kDa, were detected with Western blot. This variation in protein weight could be due to differential glycosylation in the plant cell. The amount of recombinant glycoprotein in leaves was between approximately 1 and 10 ng/mg of soluble protein, while fruits had lower amounts.

Furthermore, other studies have reported that the oral administration of the rabies virus ribonucleoprotein induces the production of neutralizing antibodies when afterwards an inactive virus vaccine booster is applied in mice (Dietzschold et al. [@CR21]). Also, as a way to improve the expression of proteins in plants, other viruses have been used as vectors to infect plant tissue such as the alfalfa mosaic virus (AIMV) using the coat protein (Cp) which serves a carrier for the peptides to be expressed. In this manner, Yusibov et al. ([@CR105]) expressed using this system the G and N proteins of the rabies virus and the human immunodeficiency virus type 1 (HIV-1). These constructs were inoculated into tobacco plants (*Nicotiana benthamiana*) in order to later isolate the virus from the leaves and semi-purify the viral particles for their inoculation of mice. Animals received seven doses (10 μg per dose) via intraperitoneal injection and assessing the response in the presence or absence of adjuvant. Using antibodies against the Cp protein, the presence of a 28.9 kDa band was found in Western blot which corresponds to the fusion protein formed by the Cp protein of AIMV and the viral peptides of the rabies virus. The identification of each peptide was carried out using monoclonal antibodies against each of them. Finally, it was demonstrated that the viral particles that were inoculated promoted an immune response in mice against the rabies virus antigens, as well as those of HIV-1, regardless of the adjuvant was present or not.

In another study, using the constructs reported by Yusibov's group, infection of tobacco and spinach plants was carried out (Modelska et al. [@CR69]). In this study, mice were immunized with protein purified from transformed leaves by oral and intraperitoneal route. Inoculation was carried out using 50 μg of purified recombinant virus in three doses. These same particles were administered orally through gastric intubation in four doses (250 μg per dose). Another group was fed for 7 days with the transformed spinach leaves (1 g per dose containing 15 μg of antigen). In all groups, serum samples and fecal pellets were collected 2 days before each immunization and the neutralizing activity of rabies virus-specific serum antibodies was determined. In animals immunized via intraperitoneal route, the presence of antibodies was observed after the second immunization. The mice immunized by oral route showed the presence of IgG and IgA. The higher levels of immune response generated by the leaf-feeding approach as compared with gastric intubation raise the possibility that the plant cells enhanced the delivery of virus particles to the sites of immune responses. A total of 40 % of the animals survived the challenge.

Using this same transient expression system in these two previous studies, Yusibov and collaborators in 2002 assessed these plants not only in mice but also in people (Yusivov et al. [@CR106]). In the oral immunity study, three lots of spinach (3,000 plants) were inoculated with the recombinant virus that expresses the peptides of the rabies virus. Mice were immunized via intraperitoneal route with the purified recombinant protein (250 mg = 35 μg of peptide per dose) together with Freund's adjuvant and later challenged. Two groups were formed in the experiment with people. The first group (five individuals) were previously immunized against rabies and then were fed using 20 g of fresh transformed spinach containing 0.6 mg of recombinant virus (84 μg of protein). The second group was composed of nine volunteers without previous immunization who received 150 g of fresh spinach tissue per dose (700 μg of protein).

Afterwards they received a dose of commercial vaccine intramuscularly and the presence of IgG and IgA was determined in serum. The leaves of spinach were found to contain 0.4 ±0.007 mg of recombinant virus in fresh tissue that contained 84 mg of the chimeric peptide. A 19.3 kDa band, corresponding to the fusion peptide, was detected using Western blot. The whole (100 %) of the mice immunized with the extract survived the challenge, 43 % of those immunized with the synthetic peptides, and 20 % of those immunized with the alfalfa mosaic virus. Furthermore, three of the five volunteers mounted an effective response against the antigen after ingesting the transformed spinach. In six of the nine volunteers, the antibody titers increased against the recombinant virus. Four of these individuals showed IgG and 2/7 showed IgA. In 5/9 of the volunteers there was an increase in IgG in serum after receiving three doses of the spinach leaves. In none of these experiments was tolerance observed.

Using tobacco also, Ashraf et al. ([@CR5]) expressed the glycoprotein fused to an endoplasmic reticulum retention sequence (SEKDEL) in order to improve its expression. The gene was cloned downstream of a double CaMV35S promoter. Transformation was measured using *Agrobacterium tumefaciens*. The protein was purified and 25 μg of this extract was used to immunize five mice via intraperitoneal receiving boosters at days 7, 14, and 28. These were later challenged using a standard laboratory strain (CVS). The protein purified from plant leaves showed a single band of \~66 kDa corresponding at G protein. Transformed plants contained chimeric G protein at 0.38 % of the total soluble protein. The rabies glycoprotein expressed in tobacco is glycosylated and is not degraded during the purification. These proteins show immunoreactivity to antirabies virus antibodies and elicit a high level of immune response in mice. The plant-derived GP gave 100 % protection similar to the commercial vaccine. In comparison with other studies, the protein that accumulates in tobacco is of higher molecular mass, comparable to the native protein.

In Mexico, edible vaccines have been developed using corn and carrots, proving their efficiency in mice. In some cases these provided 100 % protection in animals when challenged with a lethal virus originating from vampire bats (Lerma [@CR51]; Rojas et al. [@CR78]; Loza-Rubio et al. [@CR62]).

In the first report carried out by our study group, we reported the expression of the gene that codes for the glycoprotein in corn. Corn is a cereal rich in protein which is used for both human and animal consumption; this plant has been an adequate experimental model because of the high levels of expression of transgenes obtained. It was perceived as a species with great potential for producing an edible vaccine. The vector used for the transformation of the plant was pGHCNS. G gene rabies virus was cloned downstream of the promoter and the maize ubiquitin promoter 35ScaMV. The expression cassette was flanked by matrix attachment region (MARs). Maize embryogenic calluses were transformed with the above construction by biolistics. Regenerated maize plants were recovered and grown in greenhouse. The presence of the G gene and its products was detected in vegetal tissue by PCR and Western blot. A fine powder was prepared from transformed grains and administered as pellet (50 μg of recombinant G protein). Other groups of mice were immunized intramuscularly with 50 μg of G protein using a commercial vaccine. All mice were challenged intracerebrally at day 90 post-vaccination using a vampire bat rabies virus which is used to evaluate commercial vaccine in Mexico. Embryogenic calluses were transformed by biolistics and herbicide-resistant plants were obtained. Twenty-five plants were recovered and 92 % contained the G gene as detected by PCR. The rabies G protein was identified by Western blot and presented a size of about 69 kDa. This increase in molecular weight may be due to posttranslational modifications, and this modification does not seem to have any adverse effect on the antigenic properties of the protein. Similar modifications were showed by McGarvey et al. ([@CR112]). Protein was expressed at 1 % of total soluble protein, which is equivalent to about 50 μg per gram of fresh weight in mass. This study obtained a higher level of expression than ever reported. The level of expression obtained in this study is comparable to results obtained by others in maize when expressing the spike protein of the transmissible gastroenteritis coronavirus and the fusion protein of Newcastle disease virus (Lamphear et al. [@CR50]; Guerrero-Andrade et al. [@CR34]). In sera, mice were seronegative at the start of the experiment, but by day 90 post-vaccination, titers varied by more than 0.5 IU. The animals were protected at 100 %, similar at the commercial vaccine. This work has demonstrated that the systems for transformation, selection, and regeneration of mice developed in this study are efficient. Likewise, the plant-based G protein was able to induce viral neutralizing antibodies and protect mice after challenge.

In another assay, the glycoprotein was expressed using carrots to be used in the immunization of mice (Rojas et al. [@CR78]). This plant model was used since carrot is a vegetable that is widely distributed and easy to produce and can be consumed raw.

The G gene of the rabies virus arctic fox strain was subcloned between the double enhancer cauliflower mosaic virus 35S promoter and 35S CaMV terminator in the vector pUCpSS; this construct was named pUCpSSrabG. For transformation, we decided to use the minimal cassette expression approach (promoter-gene-terminator). We employed carrot seeds for induction of carrot callus. We were able to regenerate 300 adult plants from 100 calli selected in liquid medium, and 93.3 % of the analyzed plants showed integration of the transgene with levels of expression varying from 0.2 to 1.4 % TSP. In our project, the plant-produced band migrated slightly above the native G protein (\~70 vs 65 kDa); one likely explanation for this was glycosylation of the protein by the plant. For selection, we employed the gene coding for phosphinothricin acetyltransferase (*bar*), which confers resistance to herbicide Basta. Embryogenic calluses were transformed by biolistics and herbicide-resistant plants were obtained in liquid medium. The presence of the G gene in leaves was determined by PCR and the protein was detected by Western blot using rabbit polyclonal serum against rabies G protein. In order to evaluate the carrot as vaccine, 24 mice were divided into four groups: G1, fed standard mouse chow (negative control); G2, received an intramuscular dose of inactivated rabies vaccine; G3, mice fed 50 μg of rabies virus G protein in 2 g of raw carrot; and G4, mice received 50 μg rabies virus G protein contained in 2 g of raw carrot plus 50 μg of N protein rabies virus (N protein was orally administered) since this molecule has been reported as adjuvant in some rabies vaccines. Mice vaccinated were challenged intracerebrally 60 days post-vaccination. We showed that the ingestion of antigen expressed in carrot resulted in protective rabies antibodies (66 %). These results are consistent with previous studies where the glycoprotein of rabies virus was expressed either in tobacco or in spinach. In this study, we did not observe a 100 % protection of the mice; this is possibly because a greater concentration of G protein is necessary. To improve the protective dose, 100 μg (4 g of carrots) could be administered instead of the 50 μg used in this study.

Recently transgenic corn was used supplied under controlled conditions at various dosages in sheep via oral administration of a single dose. The results showed that 2 g of the G protein of the rabies virus protected more than 80 % of the animals challenged with a lethal vampire bat origin virus (Loza-Rubio et al. [@CR63], [@CR64]). This assay used the same conditions for obtaining transformed corn reported previously by Loza-Rubio et al. ([@CR62]). Similarly the Basta herbicide was used for selecting transformed plants.

When the plants reached adulthood, kernels expressing the glycoprotein were identified by PCR and Western blot and were subsequently pooled and quantified before immunization. The animals were divided into six groups containing six animals per group as follows: Group 1, sheep fed 0.5 mg of rabies virus G protein in 20 g of ground maize kernels; Group 2, sheep fed 1.0 mg of rabies virus G protein in 40 g of ground maize kernels; Group 3, sheep fed 1.5 mg of rabies virus G protein in 60 g of ground maize kernels; Group 4, sheep fed 2.0 mg of rabies virus G protein in 80 g of ground maize kernels; Group 5, sheep vaccinated with an inactivated rabies vaccine administered intramuscularly; and Group 6, animals fed 40 g of non-transformed ground maize kernels. Once all groups had been immunized, they were deprived of feed and water for 4 h. The animals were bled to evaluate immune response in serum. Sheep were challenged by the injection at 120 days post-vaccination. The G protein was detected slightly above the native G protein (\~70 kDa). The same increase in molecular weight was observed in polyacrylamide gel electrophoresis; the differentially expressed band seems to be heavier than the native G protein (positive control). The expression level obtained from this analysis was an average of 25 μg of G recombinant protein/g of fresh tissue in the three different lines.

At day 30 post-vaccination, rabies virus antibodies were detected in all vaccinated groups. Animals that received one or two doses of antigen (0.5 and 1.0 mg, respectively) showed a survival rate of 50 % (three deaths in six vaccinated animals). In Group 3, which was immunized with 1.5 mg of protein G, only two sheep died of rabies (2/6), with a survival rate of 66 %. The lowest mortality was found among sheep immunized with the commercial vaccine and those receiving 2.0 mg of protein, which protected 83 % of the animals (1/6). In this study, a large amount of protein was needed to elicit an immune response because a significant portion of the recombinant protein was likely degraded in the rumen. Although we did not observe any signs of tolerance, this could be because the sheep were fed the edible vaccine only once. These results demonstrated the effectiveness of the oral immunization of sheep with corn that expresses the rabies virus G protein. This is the first study in which an orally administered edible vaccine has shown efficacy in a polygastric species.

Benchmarks of What Is Needed to Commercialize the Product in This System {#Sec9}
------------------------------------------------------------------------

This new technology could contribute to global vaccination programs and have a dramatic impact on public and veterinary health, not only in our country but also in others with similar problems. Nevertheless, the fact that transformed corn must not be grown on open fields must be taken into account since it is an open pollination plant. It should be grown in greenhouses with the highest biosecurity. There are also issues that still need to be resolved, such as the antigen dose that each plant produces since it could produce tolerance (Loza-Rubio and Rojas-Anaya [@CR59]). One possible alternative for the production of antigenic proteins using plants as an expression system is the use of suspension plant cell in pellets that express the antigens of interest. This would avoid the need for growing the plants in greenhouses. The administration would be oral, which is a significant advantage that could be of interest to pharmaceutical companies.

Technical Progress {#Sec10}
==================

Improvements to the Production System for a Rabies Virus Vaccine in Plants {#Sec11}
--------------------------------------------------------------------------

The plant systems evaluated by our group were carrots and corn with the best results, in terms of protein expression and antibody production, obtained with corn.

Genetic modification of cereals has been carried out by direct DNA transfer (i.e., the introduction, integration, and expression of foreign genes) into protoplasts or intact cells grown in vitro using polyethylene glycol treatment and electroporation. These methods have their disadvantages, such as low transformation efficiency of monocotyledon plants and expression levels, which make them impractical. Thus, biolistics was a good option for improving the expression of recombinant proteins (Klein and Fitzpatrick-McElligott [@CR43]; Christou [@CR15]). Other factors for obtaining high levels of expression are described below.

This technique allows the introduction of naked DNA (biologically active) into intact plant cells by the acceleration of DNA-covered microparticles (tungsten or gold) through an explosion mechanism (pressure gun) or by gas bursts (carbon dioxide, nitrogen, or helium) (Klein et al. [@CR44]). Biolistics revolutionized the genetic engineering of monocotyledon species, such as corn.

Challenges for the Optimization of Protein Expression {#Sec12}
-----------------------------------------------------

An important aspect for obtaining an edible vaccine is to develop efficient expression levels in terms of total soluble protein (≥1 %) since low percentages (0.01 %) require purification of the protein. There are several strategies for increasing the expression levels such as the optimization of the gene, use of strong promoters (tissue specific), non-translated leading sequences in the 3′ region, subcellular target signals, crossing of transgenic strains with high expression, germplasm crossing, plastid transformation, and the use of vegetable virus expression systems (Mett et al. [@CR68]; Streatfield [@CR88]; Potenza et al. [@CR77]; Walmsley and Arntzen [@CR96]; Sala et al. [@CR84]; Gleba et al. [@CR32]).

### Use of Specific Promoters {#Sec13}

Currently there is a wide range of promoters that have been used for regulating the expression of the transgene in transformed plants. Regulation can occur at any step of the expression process, and the promoters that manage it ensure the said control during transcription. The election of a promoter for plant transformation depends on the objective and purpose for which the plant is being transformed, as well as its species. Promoters that are specific to the species or tissue can be used, as well as those for seeds or grains, flowers, pollen, roots, leaves, or even aerial tissue (Buchanan et al. [@CR11]; Potenza et al. [@CR77]). Within the promoter are regulating regions, sequence motifs, or *cis* elements; these regulating sequences are known as increasers. These can be located upstream or downstream of the coding region. These regions are required to carry out the maximum transcription of a gene, and it is due to this reason that they are used within plant transformation vectors (Alberts et al. [@CR1]).

The most common of the constitutive promoters used in plant transformation is the 35S promoter from the cauliflower mosaic virus (35S CaMV) (Odell et al. [@CR71]), which is highly valued since it has high expression levels at practically all regions of a transgenic plant. This promoter can achieve high expression levels of the transgene both in monocotyledons and in dicotyledonous plants, although in the former it is somewhat recalcitrant (Battraw and Hall [@CR6]; Benfey et al. [@CR7]).

Regarding the expression of the G protein of the rabies virus in corn, the use of matrix attachment regions (MARs) that flanked the expression cassette became relevant, as they allowed the expression of the proteins to become constitutive. In carrots it was decided that a double 35S promoter of the cauliflower mosaic virus within vector pUCpSS was to be used as promoter, while in corn it was decided to use the corn ubiquitin promoter (Ubi). The use of this promoter has demonstrated that it increases the expression levels of heterologous genes in several cereal species (Cornejo et al. [@CR16]; Gallo-Meagher and Irving [@CR29]; Taylor et al. [@CR90]; Vasil [@CR94]). In contrast with other studies which have purified the recombinant proteins, our study did not require such process and remarkably the expression of the G protein ranged from 0.01 % up to 1.4 % of the total soluble protein.

Finally, although the edible vaccine system is attractive and novel, in practice its application can become complicated due to the following reasons:Dosing of the antigen will depend on its expression level within the plant tissue, even though good expression levels have been demonstrated generally. In order to determine this parameter, each plant line produced would need to be analyzed (individual plants).The expression levels that are obtained are not always inheritable to the next generations of the transgenic line. Furthermore, the seeds that develop from these lines can have genotypic and phenotypic characteristics that are undesirable, such as loss of fertility and others.

Nontechnical Hurdles {#Sec14}
====================

Production {#Sec15}
----------

One of the most important publications of the Mexican regulations in this issue is the "special protection regime for corn." In the context of plant-derived vaccines, it is important to mention that the regime establishes: "The experimentation or release into the environment of genetically modified corn that has characteristics that prevent or limit its use or consumption by humans or animals shall not be allowed, as well as their use in the processing of food for human consumption." The aforementioned blocks the experimentation with corn in Mexico for the development of antigens and other biopharmaceuticals. This is because Mexico is the origin center and diversity of this cereal. An alternative might be the development of these edible vaccines in plants different to the maize. In other regions, such as the United States and Europe, the development of transgenic corn is not allowed because the regulation in these countries is more flexible. The regulatory framework of other countries has been discussed by Loza-Rubio and coworkers previously (Loza-Rubio and Rojas-Anaya [@CR59]).

Regulatory {#Sec16}
----------

Once the regulatory item be resolved, there are other important points that must be covered regarding the design and elaboration of a vaccine derived from plants, such as assuring transgene stability and antigen expression in the following generations, guaranteeing the consistency and reproducibility of the methods used to obtain the vaccine, evaluation and monitoring of the environment to avoid contamination of endemic species, making sure that efficient methods are available for quantification of the antigen to determine correct dosing and bioavailability of the vaccine, and assessment of the handling and transporting techniques with regard to wastes produced from the transformed plants. Because of all this, legislation is necessary, both at global and local levels, on the research and development of biological products using transgenic plants as a platform. In this regard, Hungary became the first Central European country to adopt legislation on the regulation of genetic engineering activity. Its Gene Technology Law entered into force in January 1999 with the concomitant establishment of an advisory body (The Gene Technology Committee). Subsequently, several countries of Central and Eastern Europe adopted regulations about genetically modified organisms (GMOs).

Before 2000, the differences between the US and the European community in their approach to the regulation of biotechnology had arisen because of the different initial cognitive frameworks, a different level of trust in the government, and the dissimilar agro-political situation. The dissimilar cognitive frameworks arise primarily because many Europeans appear to view the environment as a fragile ecosystem that may be easily unbalanced by transgenic plants. In contrast, the dominant view in the United States is of a resilient environment that can easily adapt. In September 2003, the Cartagena Protocol, an international treaty governing the movements of living modified organisms (LMOs) resulting from modern biotechnology from one country to another, was adopted. One of the principal objectives of the protocol is to provide information to importing countries to assist their decision making when accepting imports of LMOs. Now, boasting almost 190 member governments all around the world (known as "Parties"), the Convention has three goals: the conservation of biodiversity, the sustainable use of the components of biodiversity, and the fair and equitable sharing of the benefits arising from the use of genetic resources (Loza-Rubio and Rojas-Anaya [@CR59]).

During the FAO Global Biotechnology Forum in 2005 (Ruane and Sonino, [@CR81]), countries discussed about the kinds of GMO regulatory systems that might be appropriate for developing countries; it is important to consider that GMOs for food and agriculture are a very heterogeneous group, for example, the potential environmental risks from GM forest trees and the release of a GM yeast to make bread are different. In addition, within each of these sectors, GMOs may vary considerably, requiring different kinds of regulations, for example:Some species are not grown for food (e.g., cotton), so food safety regulations are not strictly an issue although it should be kept in mind that some material, e.g., pollen/honey derived from GM, may still enter the food chain.The same species may be modified for very different traits, e.g., an agricultural crop or animal may be modified to produce human pharmaceuticals as tomatoes producing vaccines against virus or animals producing hormones. "Pharmed" products under development include vaccines, antibodies, and industrial proteins and, in the crop sector, involve banana, maize, potato, and tomato plants. Special regulations covering potential gene flow to their conventional counterparts may be necessary;Regulations may vary depending on whether the GM species is produced for export or domestic use. For this reason, GMO commercialization is subject to a strict marketability requirement. Otherwise, GMO varieties are not approved for commercialization. When exports are not a significant factor (e.g., in the case of cotton), commercial release can be approved irrespective of the regulatory status elsewhere, since there are no "sensitive" markets for the product.

On the other hand, there are twelve countries that are noteworthy due to their high levels of biodiversity: Brazil, Indonesia, Colombia, Australia, Mexico, Madagascar, Peru, China, the Philippines, India, Ecuador, and Venezuela, known as mega-diverse; therefore, it is very important to preserve their germplasm (Tovar [@CR93]).

The identity of Mexico in terms of its biodiversity is important therefore its global role must be recognized. Mexico is a country with domestic and wild plant species of which it is their center of origin, so their protection has been requested. In this context, Mexico is one of the countries signatory to the Cartagena Protocol that was adopted on 29 January 2000 (Cartagena Protocol, [@CR14]). The majority of the problems related to gene flow corresponding to GMOs and the issues regarding the responsibility/compensation were examined in the legislation framework of the Cartagena Protocol on Biosafety to the Convention on Biological Diversity. Article 1 mentions: "In accordance with the precautionary approach contained in Principle 15 of the Rio Declaration on Environment and Development, the objective of this Protocol is to contribute to ensuring an adequate level of protection in the field of the safe transfer, handling and use of living modified organisms resulting from modern biotechnology that may have adverse effects on the conservation and sustainable use of biological diversity, taking also into account risks to human health, and specifically focusing on transboundary movements."

Before 2005, the Ecological Equilibrium and Environmental Protection General Act (Tovar [@CR93]) was the national judicial instrument that provided the basis for regulation regarding GMOs. It has the objective of "regulating the activities of confined use, experimental release, pilot program release, commercial release, marketing, import and export of genetically modified organisms" in order to prevent, avoid, or reduce the possible risks that these activities could cause to human health, as well as to the health of animals, plants, and water animals, the environment, and the biological diversity of the country. It establishes as competent authorities for issuing permits and sanctions the Ministry of the Environment and Natural Resources; the Ministry of Agriculture, Livestock, Rural Development, Fisheries and Food; and the Ministry of Health. It also establishes the basis for the operation of the Inter-ministry Commission on Biosafety for Genetically Modified Organisms (CIBIOGEM) through which the various aforementioned ministries must collaborate regarding the biosafety of GMO.

The law established that a permit will be required for carrying out the following activities (Ley de bioseguridad de Organismos Geneticamente Modificados, [@CR52]):Experimental release into the environment, including imports for this activity, of one or more GMOsRelease into the environment in a pilot program, including imports for this activityThe commercial release into the environment, including imports for this activity, of GMOs

In order to establish a risk assessment of the aforementioned points, each case is to be analyzed individually through scientific and technical studies carried out by the interested parties, evaluating the possible risks of the experimental release into the environment and to the biological diversity, as well as to the health of animals, plants, and fisheries. The studies must include possible risks to human health. Up to the development of this document, no reference has been made regarding transformed plants that express an antigen (plant-derived antigens).

The latest amendment to the Regulations of the Genetically Modified Organisms Biosafety Act was published after 2009. These regulations establish, among other things:The characteristics that must be contained within the request for permission to carry out activities using GMOsThe requirements for permits for release into the environmentConsiderations on the import and export of GMOs that are destined for their release into the environmentCharacteristics of the Internal Biosafety Commissions of public and private institutionsDetermination of the centers of origin and genetic diversityEstablishment of the National Biosafety Information SystemDetermination of the list of GMOs that are to be issued by the competent ministries

On the other hand, Brazil, another mega-diverse country with great advances and biotechnology development, promulgated Decree 6.041 of the Policy on the Development of Biotechnology in which the objective is "To promote and carry out actions in order to establish the adequate environment for developing biotechnology products and innovative processes, promote the greatest efficiency of the national productive structure, the innovative capacity of Brazilian companies, the adsorption of technologies, the generation of business and the expansion of exports (Ley No. 1.105, [@CR54]; Biotechnology Development Policy [@CR9])." In comparison with the Mexican regulation, it also established the competences of the ministries regarding activities with GMOs, the integration of Biosafety Committees, etc. It is noteworthy that in the said document, it is established as a strategic objective to stimulate the production of recombinant proteins using plants, animals, and microorganisms as bioreactors and the plants resistant to biotic and abiotic stress. The aforementioned emphasizing on the coexistence of transgenic and conventional varieties promoting the development of mechanisms and technologies for preserving the genetic identity of cultivars, as well as the development of geographical information systems for monitoring and zoning of the activities related to distance biotechnology safety.

Recent developments in genetic modification and the use of LMOs in agriculture have ignited a debate over the potential effects of these organisms on biological diversity. The regime does allow states to enact national protective measures to preserve human and animal health as well as natural resources, based on scientific evidence. However, it is necessary to ensure that this is not only on paper but is carried out in order to avoid ecological imbalances that could affect all species including humans.

Public Perception {#Sec17}
-----------------

One of the main challenges that modern biotechnology currently has is the acceptance by consumers of the products developed by it, especially of products derived from transgenic plants for their use as food. This is known as "biotechnophobia," which is the rejection of anything that has been derived from biotechnology due to its denomination as something "not natural" and/or "potentially dangerous." Unfortunately, this has been promoted by ecologist associations that have a strong penetration in mass media. It is important that scientific institutions and community promote the use of everyday language to describe the benefit of new technological discoveries. For example, the use of the word "transgenic" is perceived as something that is against nature, and in some cases, it has been used instead of "transgender" in mass media causing further confusion. Another such word that should be avoided is "mutation" since it is associated with an organism that causes harm and that it is against nature, association that comes about due to its use in science fiction.

Conclusions {#Sec18}
===========

The use of biolistics as a method for plant genetic transformation and the use of plant expression vectors with constitutive promoters helped to achieve the development of carrot and corn plants that express the G protein of the rabies virus. These plants were successful antigen production systems. According to the results obtained in this study, it was found that the G protein expressed in the plant systems under evaluation was functional, even though it had suffered some posttranslational modifications. When immunity assays were carried out, it was found that corn tissue was the most effective in providing greater protection when challenged with rabies virus from hematophagous bats, which are the main transmitter of this virus in Mexico. Results show that both carrot and corn are convenient systems for the expression of the G protein since good expression levels were achieved and such levels would allow the production of a subunit vaccine. Nevertheless, the expression of the N protein in tomato plants was not satisfactory. It is noteworthy that the use of biolistics allows permanent expression since the transgene is integrated into the plant genome and from there it segregates into future generations thus obtaining a good candidate for an edible vaccine against the rabies virus in animals and humans.

This study allows us to visualize a rabies vaccine derived from plants since it was demonstrated that plant cells from both species under evaluation are capable of expressing the G protein of the virus in sufficient quantities. It is recommended that further studies be carried out on wild animals, which are transmitters of the disease.

Commercial production of vaccine of this type depends on overcoming regulatory frameworks on the use of plant cells as protection antigen producers without the need for using a whole plant as the biological medium.
